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the target proteins were eluted with buffer C (buffer A with 300 mM imidazole). The eluted 135 proteins were concentrated using Amicon Ultra filters (Millipore, Ireland), and confirmed by 136 SDS-PAGE. 137 
Activity assay of pectate lyases 138
The activities of pectate lyases and their catalytic modules were assayed against 0.1% (w/v) 139 of pGA and apple and citrus pectins at appropriate temperatures, pH, and CaCl 2 concentrations. 140
The absorbances at 235 nm (A 235 ) were measured due to the 4,5-unsaturated oligosaccharides. 141
The molar extinction coefficient is 4600 M -1 cm -1 (20) . One unit (U) of enzyme activity is the 142 amount of enzyme that produces 1 µmol of 4,5-unsaturated oligosaccharides per minute. Each 143 experiment was performed in triplicate. 144 
Biochemical characterization of pectate lyases 145
With 0.1% (w/v) pGA as a substrate, the effect of Ca 2+ on pectate lyase activity was 146 measured at pH 8.5 and 65 °C by incubating the purified enzyme solutions in 100 mM 147 Tris-Glycine buffer at a Ca 2+ concentration range of 0-2 mM under standard test conditions. 148
The effect of pH on pectate lyase activity was measured using 0.1% (w/v) pGA as a 149 substrate at 65 °C and 0.25 mM Ca 2+ by incubating the purified enzyme solutions in different 150 buffers, such as sodium citrate buffer (pH 4.0−6.0), Tris-HCl buffer (pH 6.0−9.0), and 151
Glycine-NaOH buffer (pH 9.0−11.0) under standard test conditions. 152 Furthermore, the effects of temperature on pectate lyase activity were investigated at 55 °C, 153 65 °C, 75 °C, and 85 °C using 0.1% (w/v) pGA as a substrate at pH 8.5 and 0.25 mM Ca 2+ to 154 determine the optimal reaction temperature. The purified enzyme solutions were incubated at 155 the abovementioned different temperatures, and residual activities at different times were 156 measured under the standard assay conditions to evaluate the thermal stability of the enzyme. 8 measured using 0.1% (w/v) pGA as a substrate at 65 °C, pH 8.5, and 0.25 mM Ca 2+ based on 159 the standard assay method. The relative activities of the enzyme were measured with the 160 following metal ions: K + , Mn 2+ , Ni 2+ , Hg 2+ , Zn 2+ , Fe 2+ , Fe 3+ , Co 2+ , Cu 2+ , Cd 2+ , Mg 2+ , and Na + 161 at 1 and 5 mM concentrations. EDTA, SDS, Urea, and Guanidine hydrochloride were used at 162 1% and 5% concentrations. Biotechnology, Dallas, USA) were used as standards (21) . 171
Scanning electron microscopy (SEM) 172
Scanning electron microscopy (SEM) was investigated to observe the microstructure and 173 surface morphology of the untreated and enzyme-treated switchgrass leaves. The samples 174 were coated with a 200-Å gold layer using a vacuum sputter, and photos were shot for 175 evidence with SEM (JSM6510LV, Japan) at 10 kV acceleration voltages (22).
Cloning and expression of pectate lyases and their truncated mutants from C. bescii 179
A rhammogalacturonan lyase (CbPL11), a pectate lyase (CbPL3), and a pectate 180 disaccharide lyase (CbPL9) were identified in a pectin-depolymerization gene cluster of C. 181 bescii (Fig. 1A ) (15) (16) (17) . To determine their roles in pectin deconstruction, we expressed these 182 three lyases and their truncated mutants in E. coli protein expression system. Unfortunately, 183 the recombinant forms of CbPL11 and its catalytic module were hardly overexpressed in 184 BL21(DE3) and C41(DE3) due to unknown proteolysis degradation (data not shown). This 185 enzyme contains a catalytic domain that belonged to family-11 polysaccharide lyase (PL) and 186 a family-3 carbohydrate-binding module (CBM3). A previous study demonstrated the lack of 187 glycosylation between two linker modules, which may cause unexpected proteolysis after the 188 heterologous expression of C. bescii's CelA in B. subtilis (23, 24) . Another two lyases, CbPL3 189 and CbPL9, contained the same region with 100% protein similarity; this region was 190 predicted to be a concanavalin A-like lectin/glucanase (CALG) domain by NCBI database and 191
Interpro server (25) were directly involved in substrate binding (11) . To determine the relationship of enzyme 200 activity and Ca 2+ , purified proteins CbPL3, CbPL3-CD, CbPL9, and CbPL9-CD were in situ 201 assay in the presence of Ca 2+ and chelating agent EDTA. As shown in Fig. 2A and S2 , the 202 absorption lines at 235 nm were flat (0-30 s) in the absence of Ca 2+ . The absorption values 203 increased (70-100 s) after dropping the Ca 2+ ions (0.1 mM), which were quenched by adding 10 0.5 mM EDTA (130-160 s). Finally, the absorption values were increased by adding Ca 2+ (1 205 mM) (190-220 s). Furthermore, relative activities were examined in the presence of different 206 concentrations of Ca 2+ ions (Fig. 2B) . Two full-length pectate lyases and their catalytic 207 modules had their highest lyase activities at 0.25 mM Ca 2+ , except for CbPL9 at 0.125 mM 208 Ca 2+ (Fig. 2B ). Pectate lyases CbPL3 and CbPL9 are Ca 2+ dependent. The binding affinity of 209 Ca 2+ with the catalytic regions of these two pectate lyases was weak in the absence of 210 substrate, and detecting the lyase activities of these purified proteins from E. coli was not possible 211 in the absence of Ca 2+ . 212
Moreover, the effect of metal ions was examined using pectate lyases and their catalytic 213 modules in the presence of 0.25 mM Ca 2+ . The activities were strongly inhibited by most of 12 β-1,3(-1,4)-glucanase, alginate lyases, and peptidase (26, 27) . However, the hydrolysis 258 activities of CbPL3, CbPL9, and CALG were undetectable using the DNS method in the 259 presence of several carbohydrate substrates, such as sodium carboxymethyl cellulose 260 (CMC-Na), beechwood xylan, alginate, cellobiose, and avicel (Table S4 ). Meanwhile, native 261 protein electrophoresis showed that CALG and the CALG-containing protein, such as CbPL3, 262 has strong substrate-binding affinities with the CMC-Na and alginate, but not with avicel, 263 beechwood xylan, and cellobiose (Figs. 5A and S4). Moreover, CALG binds weakly with 264 pectin and pGA (Fig. 3A) but strongly with intricate plant biomass, such as switchgrass (Fig.  265   3B) . Therefore, CALG acts as a binding module rather than a catalytic module. Using a 266 structure and function predication server, I-TASSER (28) , CALG was predicted to be 267 structurally close to the family-66 carbohydrate binding module from B. subtilis (BsCBM66) 268 (PDB No. 4AZZ) (Fig. 5B ), which was located in the C-terminus of an exo-acting 269 β-fructosidase (29) . The substrate binding sites in CALG are different from BsCBM66 (Fig.  270 5C). Therefore, neither β-fructosidase activity nor binding affinity of CALG and CbPL3 with 271 inulin was detected (Table S4 and Figs. 5A and S4 ). Overall, CALG in two CbPLs had neither 272 glycoside hydrolase nor polysaccharide lyase function but showed strong carbohydrate 273 binding affinity with CMC-Na, sodium alginate, and switchgrass. 274
SEM and reducing sugar analysis on plant biomass 275
Morphological changes in switchgrasses (SG) by two CbPLs were investigated using a 276 scanning electron microscope (SEM). As shown in Fig. 6A , the surface of untreated SG 277 leaves was flat and smooth, and no fiber bundles were observed. However, the surface 278 morphologies of CbPL3-and CbPL9-treated SG leaves were significantly changed ( Figs. 6B  279 and 6D). The fiber bundles of treated leaves are exposed with many deep longitudinal cracks 280 from the inside (22) . The porosity and permeability of the surface increased, thereby 281 enhancing the accessibility of the cellulase mixture to utilize cellulose and hemicellulose. 282
Together with cellulase cocktail, more splits and fractures in the morphology were observed 283 ( Figs. 6C and 6E) . Meanwhile, a significant increase in the total free sugars of the tested 284 samples were shown compared with the control (Fig. 7) , thereby indicating the effect of 285 CbPLs on natural biomass hydrolysis. The target proteins were loaded in 12% SDS-PAGE before or after incubate with insoluble natural substrate switchgrass. 
